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Polarization of Atomic Radiation in Stochastic Plasma Fields
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When a laser pulse of certain polarization or an electron beam excites atoms in a plasma, the atomic
spectrum of the radiation emitted by the atoms exhibits differently polarized line core and line wings.
This unusual effect, which is predicted to occur under a variety of conditions, can be accompanied by
the appearance of the forbidden component in the spectrum, with polarization opposite to that of the
exciting laser pulse. [S0031-9007(97)03606-5]

PACS numbers: 52.40.Nk, 32.70.Jz, 52.25.Rv, 52.70.Kz

Radiation from atoms immersed in a plasma carmat a characteristic frequency detunifiy= o — wy ~
be broadened through several means, including Dopplel/ A7, wherew is the resonant frequency. L&tbe the
broadening, collisional broadening, and Stark broadening:haracteristic time for mixing of the magnetic sublevels in
The polarization of the broadened spectrum, howeverthe presence of the plasma microfields, which we assume
need not be uniform over the line profile. This paperto be less than the decay time. FAr < T, an atom
describes an interesting effect that accompanies atoms does not have time to change its state before it decays;
a plasma that are prepared preferentially in one magneticence, it emits a photon of polarization corresponding to
sublevel. The core and the wings of the radiation spectréhe preferentially excited sublevel. On the other hand,
from these atoms are polarized to different degrees. for A7 = T, the atomic states are mixed due to plasma
The first such interesting polarization effects weremicrofields prior to the line emission. Thus, emission into
discovered by Zavoiskii [1] and Sholin and Oks [2], the wings, arising from short radiation times, should be
where differences in the line core and wing degree opolarized, whereas emission into the core, arising from
polarization in the optical range of frequencies ariselong radiation times, should be much less polarized. Of
from low-frequency turbulent electric fields in the plasma.course, in a plasma, if the distribution of the microfields
Because there is a preferred direction to the plasma not sharply peaked around a given amplitude, then the
fields, the circularly polarizedr components lie close observed radiation would be an averaged effect over a
to the center of the line, while thee components split distribution of amplitudes. As shown below, this average
into the wings. Hence, the different polarizations exhibitcan retain important features of the sharply peaked case.
different line profiles [3,4]. This effect also is reputedly Incidentally, this effect should occur also in the pres-
responsible for the polarization of x-ray line profilesan  ence of the polarization effects discovered in #pinch
pinch plasma [5], even though the electric fields are nowexperiment reported by Oks [5], because the axial cur-
quasimonochromatic and intense enough to split up theent should preferentially excite states. Thus, the dif-
line into satellites [6]. ferences in degree of polarization between the core and
It is also true that an anisotropic electron velocity dis-wings could be attributed both to the turbulent fields and
tribution can excite preferentially one magnetic sublevethe differences in the initial populations.
[7,8]. Kieffer et al. measured polarized line emission in  In order to find the line profile in a plasma, it is
the presence of a beam of fast electrons [8]. Since thaecessary to take into account the coherency between
preferential excitation depends sensitively on beam direcatomic sublevels, something that is accomplished using
tivity, moments of the electron velocity distribution could the density matrix approach [9].
be deduced from differences in polarization. In order to gain insight into spontaneous emission
We show, however, that if magnetic sublevels areof an atom in stochastic plasma fields, consider first
preferentially excited in a plasma, there is not only thethe case of a constant electric field, where an atom is
net polarization of the emission [8], but also differencesexcited into one magnetic sublevel. Suppose the atomic
in the degree of polarization between the line core andtructure depicted in Fig. 1. Transitions occur between
wings. The means of achieving the preferential excitatiorthe degenerate upper level = 1,m = 0, =1) and the
could be an electron beam [8] or polarized laser light.  lower level|J = 0,m; = 0). The external electric field
First, suppose a distribution of microfields which is couples the upper levéy = 0,m = 0) to theo = |J =
isotropic, but sharply peaked around a given amplitudel, m = 0, £1) levels. Let the; axis be along the direction
We find that emission in the line core is almost unpolari-of a circularly polarized laser pulse. (The case of linear
zed while the line wings are almost completely polarizedpolarization is handled similarly.)
This can be understood from the uncertainty principle: Projecting the Schrodinger equation onto eigenfunc-
Atoms radiating in a timeA7 emit into the line wings tions of the angular momentum, we get a system of linear
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FIG. 2. Polarization of radiation whef, # 0.

FIG. 1. Double lines represent mixing of levels due to static
electric field; thin lines correspond to spontaneous decay of

levels. Upper levels are degenerate The atomic spontaneous emission spectrum can be

written as [12]

differential equations for the amplitudes R(w) = 2hw RiG,pys(s = —Q)], (5)
l.da_g = Vyua,, i day _ ZV vy, (1) wher_e G, is_ the matrix element of the Hamiltonian of
dt dt p the interaction between an atom and the spontaneous

field, with polarizationo and frequencyw, and where
peols = —Q) is the Laplace transformed atotn field
gensity matrix elemenyy,(¢), evaluated at = —().
Assume the spontaneous field is sufficiently weak
that only transitions from the upper level to the
lower one are induced. Hence, the equations for the

where V,, = VE, = d,EE}, is a matrix element of
the interaction with electric field, an# and E, are the
amplitude and dimensionless spherical component of th
electric field, respectively.

For initial conditionsa, (r = 0) = 8,4, Egs. (1) have

the solution atom + spontaneous field density matrix, in the qua-
ay, = E,Es(COSVt — 1) + 8,4, (2) sistatic limit, can be written as [9,13],
Gu = ~iEq SINVL, @ ipyy = BeVir + Q= iDpge+ > Goply. (6)
wherea stands for the polarization of the pulse. o
For a right-hand circularly polarized laser pulse= 1, ipyy == PeocVou * Qpou + > Gipl . (7)
Egs. (2) and (3) give the expectation value of the dipole ¢ Z ¢ ¢ ;

moment of the transition between upper and lower levels ) ) . . .
PP wherep (1) = p(1)e’®, p2,. is the atomic density matrix,

as and wherdl” is the radiation decay constant.
d= \/Ed[(Efex + E.E,e;) (1 — cosVt)coswot For simplicity, we neglect collisional contributions to
. the line broadening. This can be justified, i.e., in a
— (ex COSwot + ey sinwot)], (4)  turbulent plasma, when the influence of wave fields,

where the electric field is assumed to lie in the plane.  Er becomgs dominant over field%,, due to single
Note that the tip of the dipole moment vector describedparticles,(Ef)!/2/E, > 1. It is known that the effect
an elliptical path in timel/wy; the plane of this path, Of these fields on radiating atoms can be described in
initially in the x-y plane, oscillates around theaxis with ~ the quasistatic approximation [11]. In thermal plasmas,
frequencyl/V. The electric field behaves similarly, as this procedure is valid, when electrons are quasistatic
shown in Fig. 2. [11], or when electron collisional contributiory,, is

Consider now a laser pulse, say, of right-hand circulagmaller than the radiative widthl’, which scales as
polarization, exciting an atom that is subjected to theZ* for multiply charged ions. Note thal' has to be
stochastic microfields of a plasma. The line formationof the order of quasistatic ion widthy;, to ensure
can be treated in two limits, impact and quasistatic [10]duasistaticm mixing, essential for the effects described
corresponding to emission into the line core and lingin this paper. These requirements lead to the constraint
wings. Frequency detuninf less than the Weisskopf on the ion densityN; < 1014ZST€1/2(6V), N; ~ 05 X
frequency wy [11] corresponds to the line core, while 10°Z* cm ™3, which can be satisfied foZ ~ 10 and
detuning greater thawy corresponds to the line wings. T, > 1 eV.
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Also, the contributions of the ion motion of the ambient Eq. (15), we get
plasma to the line boadening can be neglected in most
- : N 0 = I|E.IPE,E:2

cases of interest [11], which means that the ion fields’ oo’ al LoLg28
can be viewed as quasistatic. If Stark broadening is * x 1

. L. . —(EEybya + ExE  84510)8 + —=045a00/a »
larger than Doppler broadening, the radiating ions can be (Eq “ )¢ 2r
assumed to be stationary; otherwise, the theory presented (16)
here is easily generalized.

|V
The inverse matrix for the inhomogeneous system of  p%, = (—|E4IPEs + E4d4a) V2 ir T2 (17)
Egs. (6) and (7) is
D Ve =22 024 i015,, - ViV g=<i—#>- (18)
( )a'zr’ - detD ([ l ] oo’ o zr’)» 2T VZ + 21“2
(8) Thus, usingpgy/ from Egs. (16)—(18) in Eq. (11), we
have
. QO —il' _, Q—-—iTIP/1
(D l)a’u = - o (9) / s <— 4 /
detD loo | “3etp 15" %00
detD = (Q — i)’ [Q(Q — i) — V2. (10) + %[394 + Vvt — Q?Vv?
The atom-+ field density matrix elemenf |,—o, which 4vz + 51270 )
enters Eqg. (5), can now be written as V2 + o12 [Toafdla):
(19)
— -1 _0 #
Pgols—0 = Zpra’vGa" A1) The degree of a circular polarization can now be calcu-
7 lated as
It remains, of course, to find the).. e Y (L
The atomic density matrix equations can be written as P(Q) = 1+ 77 E(T_ - 1)’ (20)

9% = Voup®, — p%uVue — i2Tp%, . (12 =3L[ “yyt o2 ZM}
Po'o Puoc Poru Poo ( ) Y 4 V4 30" +V Qv V2 T 2F2 ) (21)
for initial conditions pﬁyl(t =0) = 8;1. The simple
analytic form for the polarization, Eqg. (20), is a principal
result of this work. In Fig. 3, we show" ({)) appropri-
(14) ately averaged over different microfield distributions.
In the impact limit, Q@ < wyw, the equations for the

atom + field density matrix can be put into the irreducible
which form a homogeneous system of equations of théorm [14]
form ip = M - p, whereM is a 16 X 16 matrix, to
be solved with initial conditionsp?, (t = 0) = Sqa, ib’;zm - ifk]p§+Z(—n”cégl,(,(;;pg,g, (22)
where v stands for botho and u, and « is the po- oo’

larization of the laser pulse which excited the atom aiyhere ¥ and ¢ stand, respectively, for the amplitude

time s = 0. _ . ~and projection of the angular momentum resulting from
The standard technique for solving Egs. (12)—(14) is toyggdition of angular momenta of the lower and upper
Laplace transform and then invert the fundamental matrix,

hich is | Y h simpl h I’evels,ngl,(, is a Clebsh-Gordon coefficient, afdtf =
which Is 1arge. - HOWEver, a much simpler-approach can. . “ith ¢, being a rate of destruction of coherency
be employed in the regime we consider, which in thebe

. . . tween upper and lower levels. The inverse of the
end enables us to find a simple analytic form for thefundamental matrix inr representation is
polarization. Thus, we can write

1

-1 = = /.

(H )0'0" iF1 e 50’0’ (23)
Making use of Egs. (5), (16)—(18), (22), and (23), we

) ] ) ) can write down the polarization matrix of the emitted
whereA,,, (1) is an evolution matrix for the amplitudes ppoton

found from the system of Egs. (1), modified to include _ |
damping termsl'a,. The A,, (1) can be calculated by P T 13V2850 + 5(V? + 31%)850800a
inverting only a4 X 4 matrix, and, upon substitution into 7o’ T (V2 + T2)(Q2 + T ’

lpg'u = Vo‘ztp(u)u - Zpga/vlf’u - irpg’u’ (13)
a-/

lpgu = Z(Vutfpg-u - pgo-vau)’
o

(M — Is] YW =j0 e"'[Ay,, (DA}, (]dt, (15)

(24)
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P 1 nent in the broadened spectrum. The fact that different
4 -~ microfield distributions lead to different polarization fea-
o / tures could inform importantly on the plasma state.
0.5 N / Alternatively, consider a Gaussian distribution of fluc-
tuating fields, generated by waves in an isotropic plasma
ezsp \ / at thermodynamic equilibri C 4 in Fig. 3 rep-
. _ 3 y equilibrium. Curve 4 in Fig. 3 rep
= S S e— mesmss==sa resents an averaging over such fields. Note that such
025 Q/IV averaging retains both polarization in the wings and a
pronounced minimum. This striking difference between
05 the influence of particle and wave fields on the degree of
075 polarization could serve to distinguish between the rela-

. o tive intensities of long wavelength and short wavelength
FIG. 3. Degree of circular polarization vs frequency: curve 9 9 9

S .
1 (quasistatic) and 2 (impact) correspond Bg()) at one stochastic f|elds._ . ' .
particular value of the microfieldy, with T'/V = 0.01. For In summary, in the simplest configuration of levels

curves 3 and 4V represents an averaged quantity over thethat exhibits polarization effects, we have found that the
corresponding microfield distribution, Holtzmark or Gaussian,degree of polarization over the line profile of emission
plotted for the casé’/V = 0.01. from atoms prepared in one magnetic sublevel depends
upon the plasma microfield distribution. For the case of
which is valid for the line core.Thus, from Egs. (20) anda Gaussian distribution, which describes turbulent wave

(24), the degree of the circular polarization is fields, we find complete polarization in the wings.
+ 3T /V)2 The authors are grateful to Dr. A.A. Panteleev for
¢ 5 1+3(I'/v) ) )
Pe(Q) = 915530V (25)  useful comments. This work was supported by the United
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(line 2 in Fig. 3). Note from Fig. 3 (line 1) that the
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